A time domain strategy for calculating the vortex-induced vibration (VIV) of bridges is proposed in this study. The strong coupling of fluid-structure interactions during VIV is modeled by using a reduced order modeling (ROM) technique. Then the prototype VIV response of the bridge is calculated through combing the reduced order model with the finite element method. A real bridge is involved as a case study and is validated through data from field measurements. The proposed strategy is independent of the structural mass-damping parameter and the influence of actual flow conditions, for example slowly time-varying wind velocity during VIV, can also be taken into account in the calculation, which is far beyond the capacity of traditional semi-empirical models.
INTRODUCTION
Vortex-induced vibration widely exists in many engineering fields, such as longspan bridges, chimneys, and marine structures. Due to its significant influence on the usability and fatigue life of the structures, carefully attentions should be paid to its prediction in the concept design stage.
Due to the complexities existing in the fluid-structure interactions during VIV, there exists no any analytic formula that theoretically describes this phenomenon. And since the involving of a full bridge in the CFD approach with three-dimensional grids can hardly be implemented in a foreseeable future, the analysis of VIV of bridges at present is conducted based on empirical models with parameters determined through wind tunnel experiments.
The first attempt to model the VIV of bridge decks was made by Scanlan [1] , who proposed a van der pol type equation that governs the motion of the deck. Since then, several attempts have been made in the same direction, where the physical mechanism of energy transfer from the flow to the deck during VIV is considered to be an instability of the negative damping of the total VIV system [2] [3] [4] . However, these kinds of models are dependent on a structural parameter, the mass-damping parameter. If the mass-damping parameter of a structure changes, the aerodynamic parameters in these model also vary. Thus, the semi-empirical models fail in the prediction for a certain deck shape for values of mass-damping parameters different from that for which the model parameters were estimated.
As to the calculation of prototype VIV responses of a bridge, there exist two main categories. The first is to derive the element aeroelastic matrices through Hamilton's principle and assemble the element aeroelastic matrices with element inertial, elastic and damping matrices to form the equation of motion for the whole VIV system [5] . The other strategy is based on the modal expansion the structure, where the VIV system is treated as a generalized single-degree-of-freedom (SDOF) nonlinear system that has the same modal properties with a certain mode of the structure [6] . Since the generation of element aeroelastic matrices or the SDOF nonlinear equations is based on the traditional semi-empirical models, the calculated prototype VIV response of the bridge is limited by the capacity of the semi-empirical models.
Recently, some conceptually novel and computationally efficient techniques have been proposed for computing unsteady flows and fluid-induced effects. Among the various ROMs, the Volterra theory-based model provides the possibility to catch the inherent nature of nonlinearities and memory effects existing in fluid-structure interactions. Wu and Kareem [7] introduced it into bridge wind engineering to model aerodynamics and aeroelasticity. Xu et al [8] studied the capacity of Volterra series in modeling the strong coupling character of fluid-structure interactions during VIV.
In this paper, the strategy for calculating the prototype VIV response of the bridge by combing ROM with the finite element method is proposed. A real bridge is involved as a case study and the calculated results are validated through data from field measurements.
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VOLTERRA SERIES MODELING OF VIV
The VIV of a bridge deck often occurs in a single degree of freedom. Taking the vertical degree of freedom as an illustration, the VIV system can typically be treated as time-invariant, causal and with fading memory. For such a system, the lift force can be uniformly represented as:
where, 
where
The kernels in the above equations are in fact linear and nonlinear transfer functions between structural motion and aeroelastic forces, which describes the coupling effect of fluid-structural interactions during VIV and its duration time. Thus, an accurate identification of these kernels is of vital importance in the modeling fluid-structural interaction.
Xu et al [8] studied the influences of the degree of nonlinearity M and the duration time p M on the identification efficiency and accuracy of the kernel terms. And the full and sparse form kernels are also compared in this study. The results indicate that the modeling performance of a higher-order Sparse Volterra model is better than that of a lower-order full Volterra model. A recommendation on the choice of duration time p M is also made in this study, where the first-and secondorder terms 1  and 2  are set to 20 and 10 non-dimensional times, respectively, And for the other higher-order terms, the non-dimensional duration time ( 3) p p   are set to 5 to sufficiently take into account the higher order nonlinear effects existing in the VIV of bridge decks.
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CALCULATION OF PROTOTYPE RESPONSE OF A BRIDGE
The prototype bridge is a flexible structure with 3D modal shapes, while the sectional model in wind tunnel is a rigid structure. Thus, the VIV response of a sectional model varies with that of a real bridge. To calculate the prototype response of a bridge, the VIV models should be combined with the finite element method. In this study, the Volterra model is utilized to model the VIV forces on each segment of the bridge deck along the span-wise, and these VIV forces are then applied on the node of each structural finite element. The strategy of calculation consists of the following steps: Firstly, the initial condition is given, which is generally selected to be a small value of structural amplitude or velocity, which is spatially distributed along the span-wise direction following the modal shape of a selected mode. Then, the VIV forces at each span-wise segment of the bridge are generated through the ROM approach with the given initial condition, and are applied on the structural finite element model to calculate the first step of structural motions. The calculated structural motions are then fed back to the ROM approach to generate the next step of VIV forces on each segment of the structure along the span-wise direction. By iterating the above steps, the bridge's response can be generated step by step, and the VIV performance of a bridge can be obtained after calculating the VIV response at different wind velocities for each mode.
The calculation of structural motion at each iteration step can be fulfilled in the physical coordinate system, where the span-wise VIV forces are directly applied on the structural finite element model, or conducted in the modal coordinate system, since the bridge's VIV often occurs in a single mode. When conducting the calculation in modal coordinates, the modal generalized force should be generated at each time step. The technical roadmap for calculating the bridge's VIV is illustrated by Figure 1 . 
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Due to the three-dimensional effects of flow structures, the VIV forces are not fully correlated along the span-wise. To obtain an accurate prototype VIV response, the influence of spatial coherence of VIV forces should be taken into account in the calculation. According to Ehsan and Scanlan [6] , the influence of spatial coherence of VIV force can be taken into account through two different methods. The first is an exponential type of spatial coherence function that is a function of structural amplitude and spatial distance between two deck segments. The prototype VIV amplitude of a bridge can be obtained through an iteration algorithm. The other is the "correction function method", where the generalized VIV force for a certain mode of the bridge is modified by a "correction function". The "correction function" is used to take the non-fully correlation of VIV forces along the span-wise direction into account.
According to the roadmap of Figure 1 , the solution of the equation of motion can be conducted in both the physical and/or modal coordinates. If the calculation of the equation of motion is conducted in the modal coordinate at each time step, the "correction function method" can be adopted to take the non-fully correlation of VIV forces into account. Thus, the "correlation function method" is adopted in the calculation of prototype VIV response of the bridge.
The modified generalized VIV force for the ith mode of the bridge can be expressed as:
where () i Fx is the VIV force at span-wise location of x , which is modeled by the Volterra series; () x  is modal shape function of the deck; L is the total length of the deck; () gx is the "correction function" with a maximum value of unit. The "correction function" can be obtained through wind tunnel experiment on sectional or aeroelastic models, or roughly adopt the normalized modal shape of the ith mode of the bridge, as done with Ehsan and Scanlan [6] .
CASE STUDY
To illustrate and validate the above established procedure, the Xihoumen Bridge is adopted here as a case study. The Xihoumen Bridge is a suspension bridge with a main span of 1650m. The bridge deck consists of two boxes with a central slot of 6m. This bridge experienced single mode VIV in several vertical bending modes at moderate wind speeds in the range of 5m/s~13m/s after erection but before being opened to the public [9] .
Since the bridge experienced vertical bending mode VIV, the vertical bending mode VIV are calculated in this case study. The modal properties of the vertical bending modes among the first 100 modes of the Xihoumen Bridge are illustrated by Table I . 
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VIV response at fixed wind velocities
The strong coupling characteristic of fluid structure interactions during VIV are modeled by using the Volterra series. The kernels in the Volterra series are identified through data obtained from a series of forced vibration with different amplitudes and frequencies. The details on the kernel identification of the Xihoumen Bridge and its validation can be found in Xu et al [8] . After a comprehensive study on the identification efficiency and accuracy, a 7-order sparse form Volterra model is adopted to simulate the fluid-structural interactions of this deck shape during VIV.
After obtaining the kernels in the Volterra series, the prototype VIV response of the bridge can be obtained through the method proposed in the above section. The calculated steady-state maximum VIV responses of the first 19 th vertical bending modes of the Xihoumen Bridge are illustrated by Figure 2 . The influence of the spatial coherence of VIV forces are taken into account through the "correction function method". Due to the lack of essential experimental data on the spatial coherence of VIV forces for this deck shape, the normalized shape function of each mode is taken as the "correction function" of this bridge in the calculation of the prototype VIV response of the bridge.
As is indicated by Figure 2 , the calculated VIV amplitudes are qualitatively comparable with those of field measurement. However, the calculated velocity range of lock-in is a little bit smaller than that of field measurement for each mode. This may be due to the inconsistence between the CFD approach adopted in this study for kernel identification and the actual condition. Since the deck shape simulated in the 830 CFD approach does not have railings while the actual deck does. Moreover, the calculation domain in the CFD approach is two-dimensional, which cannot consider the three-dimensionality of the flow fields and the influences of discretely distributed cross beams used for connecting the twin boxes. 
VIV response at slowly-varying velocities
Field measurements indicate that the actual oncoming flow velocities during VIV are not constant but slowly varying with time. The traditional semi-empirical models depend on the reduced wind velocity, thus cannot take the influence of actual flow properties into account. For some super long-span bridges, active aerodynamic control measures may have to be adopted to mitigate the VIV response of the bridge. The control devices need to change their attitudes in tune with the vibration status of the structure. In this case, the real-time VIV response of the bridge should be calculated and the influence of actual flow properties has to be considered.
The VIV response of the bridge at slowly-varying wind velocities are calculated by using the time domain approach in this study. According to the results of field measurements, the Xihoumen Bridge experienced the 7 th vertical bending mode vibration in the wind velocity range of 6.4m/s~7m/s. Due to the lack of the time history of wind velocities on site, the time history of wind velocity in the calculation is modeled by an assumed form, where the wind velocity is slowly growing from the most unfavorable wind velocity to exceed the lock-in region for the 7 th vertical bending mode of this bridge. The slowly-varying wind velocity is defined as follows: Figure 3 shows the calculated results and those of field measurements. As is illustrated by this figure, the VIV amplitude of the bridge slowly decreases with the increasing of wind velocity, which shows a similar vibration characteristic with that of field measurements. 
CONCLUSIONS
A time domain strategy for calculating the vortex-induced vibration (VIV) of bridges by using a reduced order modeling technique is proposed in this research. This strategy is independent of the structural mass-damping parameter and the reduced wind velocity. Thus, the influence of actual flow conditions, for example slowly time-varying wind velocity during VIV, can be taken into account in the calculation. A real bridge is adopted as a case study and the calculated results compare well with those of field measurements. The performance of this strategy is far beyond the capacity of traditional semi-empirical models. This method can also be applied to other VIV sensitive structures, such as chimney or marine structures.
